1. Correlation between elution volume, Ve, and molecular weight was investigated for gel filtration ofproteins ofmolecular weights ranging from 3500 (glucagon) to 820000 (a-crystallin) on Sephadex G-200 columns at pH7-5. 2. Allowing for uncertainties in the molecular weights, the results for most ofthe carbohydrate-free globular proteins fitted a smooth V7-log (mol.wt.) curve. In the lower part of the molecular-weight range the results were similar to those obtained with Sephadex G-75 and G-100 gels. 3. V*-log(mol.wt.) curves based on results with the three gels are taken to represent the behaviour of 'typical' globular proteins, and are proposed as standard data for the uniform interpretation of gel-filtration experiments. 4. Some glycoproteins, including y-globulins and fibrinogen, do not conform to the standard relationship. The effect of shape and carbohydrate content on the gel-filtration behaviour of proteins is discussed. 5. As predicted by the theoretical studies of other authors, correlation exists between the gel-filtration behaviour and diffusion coefficients of proteins.
1. Correlation between elution volume, Ve, and molecular weight was investigated for gel filtration ofproteins ofmolecular weights ranging from 3500 (glucagon) to 820000 (a-crystallin) on Sephadex G-200 columns at pH7-5. 2. Allowing for uncertainties in the molecular weights, the results for most ofthe carbohydrate-free globular proteins fitted a smooth V7-log (mol.wt.) curve. In the lower part of the molecular-weight range the results were similar to those obtained with Sephadex G-75 and G-100 gels. 3. V*-log(mol.wt.) curves based on results with the three gels are taken to represent the behaviour of 'typical' globular proteins, and are proposed as standard data for the uniform interpretation of gel-filtration experiments. 4. Some glycoproteins, including y-globulins and fibrinogen, do not conform to the standard relationship. The effect of shape and carbohydrate content on the gel-filtration behaviour of proteins is discussed. 5. As predicted by the theoretical studies of other authors, correlation exists between the gel-filtration behaviour and diffusion coefficients of proteins. 6. The lower molecular-weight limit for complete exclusion of typical globular proteins from Sephadex G-200 varies with the swelling of the gel, but is usually > 106. 7. The concentration-dependent dissociation of glutamate dehydrogenase was observed in experiments with Sephadex G-200, and the sub-unit molecular weight estimated as 250000. The free sub-units readily lose enzymic activity. 8. Recognition of the atypical gel-filtration behaviour of y-globulins necessitates an alteration to several molecular weights previously estimated with Sephadex G-100 . New values are: yeast glucose 6-phosphate dehydrogenase, 128000; bovine intestinal alkaline phosphatase, 130000; Aerobacter aerogenes glycerol dehydrogenase, 140000; milk alkaline phosphatase, 180000.
The proposal, arising from experiments with agar-gel columns, that gel filtration can be used to estimate the molecular weights of proteins (Andrews, 1962) has been supported by further reports of correlation between the molecular weights of globular proteins and their behaviour on Sephadex or agar-gel columns (Wieland, Duesberg & Determann, 1963; Whitaker, 1963; Iwatsubo & Curdel, 1963; Largier & Polson, 1964; Andrews, Bray, Edwards & Shooter, 1964) . The need for caution in interpreting the gel-filtration behaviour of proteins in terms of molecular weights has often been emphasized. Whilst this will always be true, it also reflects the existing lack of information on the gel-filtration behaviour of wellcharacterized proteins, particularly those of high molecular weight and of different structural types. The present investigation is concerned with these points, and with finding a relationship between the molecular weights and gel-filtration behaviour of 'typical' globular proteins which could be used as standard data for interpreting gel-filtration results.
MATERIALS AND METHODS
Proteins. Glucagon, cytochrome c, myoglobin, chymotrypsinogen, ovalbumin, serum albumin monomer and dimer, Escherichia coli phosphatase, alcohol dehydrogenase, human y-globuilins and thyroglobulin were of the same quality and from the same suppliers as those used in previous gel-filtration experiments . Of the remainder, crystalline aldolase, catalase, fumarase, gltttmate dehy-satisfactory flow rates (15-18ml./hr.; 3-3-4.0ml./cm.2/hr.) were packed under light pressure in the cold (2-5°) with the swollen gel, previously deaerated under reduced pressure, by a modification of Flodin's (1961) method. The gel, admixed with saline or buffer and initially contained in a reservoir placed above a vertical glass chromatographic column, itself filled with saline or buffer, gradually accumulated in the column as liquid percolated through. To regulate the pressure, a second reservoir, containing only saline or buffer, was attached to the first one by a flexible tube and its height adjusted until the liquid level in it was only about 20cm. above the column outlet. All experiments were carried out in the cold. Lowering the temperature of a column results in a decrease in flow-rate, and raising its temperature by more than a few degrees usually results in the appearance in it of large air-bubbles.
Columns were equilibrated either with 0-05m-tris-HCl buffer, pH7-5, containing KC1 (01M), or with 0-15M-KCl. Samples were dissolved in the equilibration solution (2ml.) and applied to the tops of the columns by layering under solution already present. Column effluents were collected in 3ml. fractions with a collector (Aimer Products Ltd., London) fitted with a siphon. For further details of procedure, see .
Estimation of protein8, blue dextran and 8ucro8e in column effluent8. Proteins were estimated either by light-extinction measurements at appropriate wavelengths or by suitable enzyme assays (Table 1) . Urease was estimated by continuous titration with 0 01N-HCI, with a Radiometer titrator type TTTlc coupled to a Radiometer titrigraph type SBR2c (Radiometer, Copenhagen, Denmark), of the ammonia it liberated from a solution (4ml.) of urea (160,umoles), EDTA (5,umoles) and KCI (160,umoles) at pH7-8 and 250. A stream of C02-free N2 (200ml./min.) was maintained through the reaction mixture. The records of acid addition became linear 2-3min. after the addition ofenzyme solution (0.1-lml.) to the substrate solution, and rates (0-05-0.5juequiv. of acid added/min.) measured in this way were proportional to the amounts of enzyme added. Glutamate dehydrogenase was assayed by measurement of the oxidation of NADH in the presence of excess of NH4+ and a-oxoglutarate (Olson & Anfinsen, 1952) .
Blue dextran and sucrose in column effluents were estimated by extinction at 625mp, and by a colorimetric method with anthrone (Trevelyan & Harrison, 1952) respectively.
The effluent volume corresponding to maximum concentration of a solute (elution volume, Ve) was estimated to the nearest 1 ml. from an elution diagram by extrapolating both sides of the solute peak to an apex.
RESULTS
Gel-filtration behaviour of proteins of known molecular weight. Determination of the gel-filtration behaviour of all the proteins listed in Table 1 on the  same Sephadex G-200 column was impracticable. Instead, cytochrome c, serum albumin, lactate dehydrogenase, human y-globulins and fl-galactosidase were chosen as reference proteins and their elution volumes measured for each of the columns used. In addition, the void volume (Vo) of each column (elution volume of substances completely excluded from the gel pores) was measured in experiments with blue dextran plus reference proteins. Then the other proteins were run in admixture with reference proteins, and the observed separations in the molecular weight range covered by the reference proteins were converted by simple proportionation (where necessary) into separations attainable with one column. Results were cross-checked in experiments with combinations of proteins which did not include the reference ones. Admixture of small amounts of enzymes, having relatively negligible absorption at 230 and 280m,t, with larger amounts of other proteins, and their estimation by enzymic assay and by extinction measurements at 230 or 280m,u respectively, was frequently advantageous in correlating the gel-filtration behaviour of various proteins. The behaviour of most of the proteins listed in Table 1 was observed for at least two concentrations which in most cases differed by threefold or more (Table 1) , but except with chymotrypsinogen (cf. ) the concentration changes had no significant effect on the elution volumes. Most of the experiments were carried out with columns equilibrated with tris-potassium chloride, but columns equilibrated only with 0 15M-potassium chloride were used for experiments with caeruloplasmin, which undergoes changes in colour and sedimentation behaviour in the presence of tris (Kasper & Deutsch, 1963) , and with urease, to avoid the presence ofbuffer in the enzyme assay. Proteins examined under both conditions showed no difference in behaviour as between one medium and the other.
Figs. 1 and 2 are plots of elution volumes (Ve) from Sephadex G-200 columns against log (mol. wt.) for all the proteins listed in Table 1 . The elution volumes used in Fig. 1 it was eluted from the column at the void volume, and the remainder gave a peak 10ml. later. In view of the tendency of thyroglobulin to aggregate on freeze-drying and storage (Shulman & Armenia, 1963) , the second of these peaks is attributed to thyroglobulin monomer, and the one at the void volume to aggregated material.
Working range and exclusion limit of relationship between V. and log (mol. wt.) shown in Fig. 1 is linear only in the molecular-weight range 40 000-200 000, but with the more swollen gel (Fig. 2) linearity extends to about 500 000. The useful working range of Sephadex G-200 depends on the extent to which the gel has swollen, and evidently varies also from lot to lot. The lower molecularweight limit for useful fractionation of polypeptides and proteins is probably 5000, whereas the upper limit may be anywhere from 500000 ( Fig. 1) to 106 ( Fig. 2) , or possibly even higher, depending on the gel. The lower molecular-weight limit for complete exclusion from the pores of Sephadex G-200 will also depend on the gel. Fig. 1 indicates about 106 as the exclusion limit for globular proteins on one column of gel, whereas a reasonable extrapolation of the graph in Fig. 2 globular proteins on Sephadex G-200. As with other Sephadex gels, the exclusion limit for globular proteins is much greater in terms of molecular weight than that specified by the manufacturers for dextrans, not less, as indicated by Morris & Morris (1964) . Estinwation of the 8ub-unit molecular weight of glutamate dehydrogenase. Various amounts of glutamate dehydrogenase (0.06-0.8mg.), admixed with human y-globulins (3mg.) and bovine serum albumin (6mg.) to serve as standards, were subjected to gel filtration on a Sephadex G-200 column equilibrated with 0-05M-tris-hydrochloric acid, pH 7 0, containingpota8sium chloride (0.1M). The dehydrogenase in the column effluent fractions was estimated by its enzymic activity, and the other proteins by extinction at 235m,u. y-Globulins and serum albumin were eluted in the same positions each time. Glutamate dehydrogenase was eluted ahead of y-globulins, but its elution volume varied inversely with the amount used. The relationship between amount used and molecular weight (calculated from V., from Fig. 1 ) is shown in Fig. 4 .
Extrapolation of the graph to zero protein concentration gives a molecular weight of 252 000 for the dissociated enzyme. Recovery of enzymic activity in the column effluents was 90-100% in experiments with 0-2mg. or more of enzyme, but fell to -20% in-the experiment with 0*06mg., and none was detected in an experiment with 0-02mg.
Molecular-weight estimation with Sephadex G-100. The finding that y-globulins are eluted from Sephadex G-200 in the position expected for typical carbohydrate-free globular proteins of molecular weight about 205000 (see Fig. 1 and Discussion section) necessitates a revision of the higher molecular-weight end of the V7-log (mol.wt.) graph for Sephadex G-100 given by , since its shape was based in part on the assumption that y-globulins behaved typically according to their molecular weight (-160000) during gel filtration. The revised curve is given in Fig. 5 , with positions for lactate dehydrogenase and blue dextran included. The disposition of points relative to the curve is similar to that on the Sephadex G-200 graph (Fig. 1) .
Molecular weights above 100000 previously estimated for several enzymes by Sephadex G-100 gel filtration ) now appear to be too low. Revised estimates, derived from the previously used elution volumes by use of Fig. 5 , are given in Table 2 . The values for yeast glucose 6-phosphate dehydrogenase and milk alkaline phosphatase were checked in experiments with Sephadex G-200. The molecular weight and gel-filtration behaviour of and converted into molecular weights with the revised G-100 calibration graph (Fig. 5) . The results for glucose 6-phosphate dehydrogenase and milk alkaline phosphatase were checked in experiment with a Sephadex G-200 column. Further details are given in the text. yeast alcohol dehydrogenase, which was also used in the G-100 experiments, are discussed below. Compari8on between Sephadex G-100 and G-200 for proteinfractionation and molecular-weight e8tima-tion. The slope of the V1-log(mol.wt.) graph for Sephadex G-200 (Fig. 1) is greater than that of the corresponding graph for G-100 (Fig. 5 ) for molecular weights above 60000, so in principle G-200 is the better gel for protein fractionation and molecularweight estimation at molecular weights above this. However, a comparison ofelution diagrams obtained under closely similar conditions with Sephadex G-100 and G-200 columns (Fig. 3) shows that in general the peaks obtained with G-100 are narrower than those obtained with G-200. Consequently, G-100 is probably the better gel for molecular weights up to 130 000. DISCUSSION Carbohydrate-free proteins. Figs. 1 and 2 show graphically that, allowing for uncertainties in many of the molecular weights, good correlation exists between molecular weight and gel-filtration behaviour on Sephadex G-200 columns for the carbohydrate-free proteins listed in Table 1 . The elution volumes of sucrose and blue dextrans are helpful in delineating the molecular-weight range over which a column will effect separation. As in earlier experiments , glucagon is assumed to exist as monomer and to behave according to its molecular weight, but as a deviation from such behaviour might be undetected through the lack of other small proteins for comparison, the exact shape of the curve at the lower-molecular-weight end is uncertain. The concentration-dependent aggregation of chymotrypsinogen is allowed for in plotting its position . Agreement between the results with different gels is demonstrated by Figs. 1 and 5 , which show similar dispositions of points in the overlapping parts of Sephadex G-200 and G-100 curves.
Where molecular weights are uncertain, the most likely values indicated by the literature data often correspond to values suggested by the gel-filtration results. Thus pig-heart malate dehydrogenase fits the general pattem if its molecular weight proves to be about 60 000, a value which is well within the published range and close to those (62 000, 65000) for the ox-heart enzyme reported by Siegel & Englard (1961) and Grimm & Doherty (1961) resspectively. The molecular weight for yeast alcohol dehydrogenase generally supported by the literature is about 150000, again in agreement with its gel-filtration behaviour on Sephadex G-200, and also in agreement with its behaviour on Sephadex G-100 when the revised graph (Fig. 5) for that gel is used for interpretation of results. The earlier conclusion that the gel-filtration behaviour of this enzyme on Sephadex G-100 corresponded to a lower molecular weight (125000-130000) was probably incorrect. A recent estimate (194000) of the molecular weight of fumarase (Kanarek et al. 1964 ) is much closer to the value (approx. 180000) indicated for it by gel filtration than is the earlier value of 220 000. Even at the low concentrations used in gel filtration, rabbit-muscle lactate dehydrogenase behaved approximately according to its molecular weight, and showed no indication of dissociation into sub-units, such as reported by Millar (1962) for the ox-heart enzyme (however, cf. Pesce, McKay, Stolzenbach, Cahn & Kaplan, 1964) . On the other hand, agreement between molecular weight and gel-filtration behaviour may prove to be less satisfactory for glyceraldehyde 3-phosphate dehydrogenase when its precise molecular weight is known (cf. Harris, 1964) .
Of the carbohydrate-free proteins listed in Table  1 , catalase and ferritin show the most significant deviations from the general V,7-log(mol.wt.) relationship. The behaviour of ferritin, however, is readily explained by reference to that of apoferritin, which does conform to the relationship. Ferritin and apoferritin were eluted from a Sephadex G-200 column with very nearly the same volume of eluent, and well away from the void volume of the column, despite the difference between their molecular weights. Apoferritin, which is the protein component of ferritin, has the form of a hollow, approximately spherical shell with an outer diameter of approx. 122 A, and this dimension is unchanged when, in ferritin, the central cavity is occupied by a micelle of hydrated ferric oxide, the iron forming on average about 20% of the molecular weight (Harrison, 1959 (Harrison, , 1963 . The elution diagrams for ferritin indicated a homogeneous protein, although ferritin molecules generally show a wide range of molecular weights as a result of variations in their iron content. Catalase behaved on gel filtration, compared with the other proteins, as a globular protein of molecular weight 195 000, although its currently accepted molecular weight is about 240000. As experiments with different amounts of enzyme gave no indication of a concentrationdependent dissociation of the molecule, the result may be due to its retardation during gel filtration by weak adsorption to the gel, or possibly in solution it has a more compact structure than that of most globular proteins. Samejima & Yang (1963) point out that its low intrinsic viscosity (3.9ml./g.) implies a compact conformation of the molecule, but as the structure so indicated is that of many globular proteins, which have about the same intrinsic viscosity (Tanford, 1958) , the problem is unresolved.
Glycoprotein8. The curves in Figs. 1 and 2 are taken as a 'standard' V7-log (mol. wt.) relationship, representing the gel-filtration behaviour of 'typical' carbohydrate-free globular proteins. Figs. 1 and 2 show that glycoproteins do not on the whole conform to this standard relationship. The presence of carbohydrate in glycoprotein molecules has already been suggested as the cause of the anomalous gelfiltration behaviour of ovomucoid by Whitaker (1963) and of horse-radish peroxidase by . Gel filtration indicates that some glycoproteins have more expanded structures than those of typical globular proteins, which may well be due to a greater hydration in solution of carbohydrate chains as compared with polypeptide chains. For the purpose of molecular-weight estimation, a correlation between the carbohydrate content of glycoproteins and the extent to which they deviate from the standard behaviour of globular proteins would be useful. However, although the information in Table 3 Charlwood's (1963) revision of the molecular weight of transferrin is supported by its gel-filtration behaviour, which is much more consistent with a molecular weight of approx. 70000 than with one of approx. 90000. If small carbohydrate contents have negligible effects on the density ofglycoprotein structures, the deviations of y-globulins and fibrinogen from typical behaviour presumably are due to their shapes (see below). One consequence of the structural differences between caeruloplasmin and y-globulins is that, although they have about the same molecular weight, they are separable by gel filtration (see ).
Effect of shape on gel-filtration behaviour. Current views do not suggest that the structures of proteins follow any simple rules; nevertheless Smith (1963) concludes from a consideration ofthe literature that some factor, probably shape, causes measured values ofthe frictional coefficients ofglobular proteins, and possibly other groups of proteins as well, to vary only within quite narrow limits. In addition, the partial specific volumes of globular proteins, and of fibrous proteins, fall into groups with approximately Gaussian distributions around mean values of about 0-73ml./g. The implication that in solution the majority of globular proteins closely resemble one another in both shape and density accords well with their gel-filtration behaviour. Close conformity to the standard V*-log (mol.wt.) relationship may well indicate for a protein an approximately spherical shape in solution, for two proteins which are probably spherical fit the relationship well. These are E. coli phosphatase, which has a frictional ratio of only 1-05 and in preparations for electron microscopy is seen as spheres of about 60k diameter (Garen & Levinthal, 1960) , and apoferritin, which on X-ray-diffraction evidence consists of spherical molecules (see above). Minor differences in shape and density may then be the cause of the small deviations of globular proteins from the standard V*-log(mol.wt.) relationship. Myoglobin, for example, has the form of a thick slab of dimensions 43I x 351 x 231 (Kendrew et al. 1958) . Typical, perhaps, of such deviation, which limit the accuracy of molecular-weight estimation by the gel-filtration method, are those exhibited by proteins in the molecular-weight range 9000-25 000 during gel filtration on Sephadex G-75 and G-100 . The likelihood that bovine serum albumin has a molecular weight of 65 000 (Hughes & Dintzis, 1964) whereas its gel-filtration behaviour indicates a value of 71000 (Fig. 1) suggests the molecule is somewhat elongated, as indeed may be the case (see Phelps & Putnam, 1960) . However, bovine serum albumin monomer and dimer show proportionally similar deviations from standard behaviour, which suggests that their shapes are rather alike and that end-to-end linking of the monomers is unlikely to be the mode of dimerization. Spiro (1960) has calculated from hydrodynamic data that fetuin has a high axial ratio, and this also seems to be reflected in its gel-filtration behaviour, for although fetuin and ovomucoid both contain about the same proportion of carbohydrate, fetuin shows considerably the more deviation from standard behaviour ( Table  3) . As might be expected, the deviation of a protein molecule from standard behaviour seems to be greater the higher its axial ratio. Literature data place y-globulins, fetuin and fibrinogen in that increasing order of axial ratio (Edelman & Gally, 1964; Spiro, 1960; Scheraga & Laskowski, 1957) , and if the deviations from standard behaviour exhibited by y-globulins and fibrinogen are not due appreciably to their carbohydrate content (see above), then gel-filtration results (Table 3) place the three proteins in the same increasing order of axial ratio.
Gel-fltration behaviour and diffusion coefficients.
A relationship between the gel-filtration behaviour ofproteins and their equivalent hydrodynamic radii (r) has been deduced by Laurent & Killander (1964) and Ackers (1964) in their theoretical treatments of the gel-filtration process. Since by the StokesEinstein law for the free diffusion of spherical particles, r and the diffusion coefficient D are related Vol. 96 for the same preparation it gave a molecular weight (160000) which is confirmed by other determninations. On the other hand, none of the diffusion coefficients or molecular weights reported for pigheart malate dehydrogenase accord with its gelfiltration behaviour, which indicates for it values of both properties similar to those recorded for the oxheart enzyme (Siegel & Englard, 1961; Grimm & Doherty, 1961 Gel filtration applied to molecular-weight estimation. Molecular-weight estimation by gel filtration involves in principle a comparison between the gelfiltration behaviour of the compounds under investigation with that of related compounds which conform to an appropriate relationship between molecular weight and gel-filtration behaviour. At present the method seems to be particularly useful for carbohydrate-free globular proteins, which probably include the maj ority of enzymes, although further possibilities are indicated above. As few globular proteins conform exactly to one relationship between molecular weight and gel-filtration behaviour, the choice of proteins as molecularweight standards can considerably influence the results of molecular-weight estimations, or other conclusions about gel-filtration behaviour. Some uniformity in the basic data for such experiments is clearly desirable. Hence it is suggested that the V7-log (mol. wt.) curves given in Figs. 1, 2 and 5 and elsewhere are taken as the standard relationship of this sort for globular proteins in the molecular-weight range 10 000-800 000. The full V*-log (mol. wt.) curves for Sephadex gels are of the general shape expected if, as is probable, the pore sizes in each gel follow a normal distribution. Although the middle part of each curve is linear, these parts seem to be particularly short in some curves for Sephadex G-200 gels, and vary in length according to previous treatment of the gel. The useful parts of the curves extend well beyond the linear stretches.
GEL FILTRATION AND MOLECULAR WEIGHTS OF PROTEINS
Equivalent curves, or parts of such curves, should be obtainable for any gel-filtration column which works in an appropriate molecular-weight range by determining the elution volume from it of proteins selected from those already studied and taking into account, in plotting the results, any deviations they show from the standard relationship. Thus the choice of reference proteins is not necessarily limited to those which conform to the standard Vs-log (mol. wt.) relationship, for y-globulins and ferritin are useful for the purpose provided that their atypical behaviour is recognized. On the other hand proteins such as haemoglobin and ,B-lactoglobulin which show marked dissociation on gel filtration are unsuitable, as also are those such as lysozyme which appear to interact with gel-filtration media (Whitaker, 1963) , since their behaviour may well depend very much on the experimental conditions. However, both haemoglobin and lysozyme have been used as reference substances in gel filtration (Morris, 1964; Sluyser & Li, 1963) . In molecular-weight estimations, the inclusion whenever possible of several standard proteins in column runs with unknowns is recommended, as this eliminates uncertainties about variations in elution volumes from run to run. Purified enzymes are particularly useful for this purpose, since they can be located by specific assay methods and generally they need only to be used in microgram amounts, thus making negligible contributions to the protein content of samples. Some guidance in the choice of standard proteins is given by and Downey & Andrews (1965) . A value of 10% for the uncertainty in molecular weights of carbohydrate-free globular proteins estimated by the gel-filtration method still seems appropriate, as practically all the proteins of this type listed in Table 1 appear to conform within this limit to the standard Ve-log (mol. wt.) relationship. Winzor & Scheraga (1963 showed that the negative concentration-dependence ofthe migration rate of proteins which is frequently observed in the ultracentrifuge can be detected in gel-filtration experiments when large sample volumes are applied to a column to maintain a constant protein concentration in the protein zone, and frontal analysis is applied to the migration of the zone. Calculations based on these authors' results with ovalbumin indicate that on columns of Sephadex G-200 or G-100 of the size used in the present and earlier experiments ) the advancing edge of a zone containing 5mg. of ovalbumin would be eluted 3-4ml. later than that of a zone containing lmg. of ovalbumin. The corresponding difference in apparent molecular weight is 4000. Clearly such an effect would decrease the value of the gelfiltration method of molecular-weight estimation. However, although it could easily be detected, the effect is not observed with ovalbumin or many other proteins, even over wide concentration ranges (Andrews, 1964 and above; Whitaker, 1963; Ackers, 1964) , when small sample volumes are used, and protein migration through the columns is measured by the elution volumes at which solutes are at maximum concentration.
Concentration-dependent dissociation of glutamate dehydrogenase. The possibilities both of investigating association-dissociation behaviour Winzor & Scheraga, 1963 and of estimating the molecular weights of enzymes at extremely low concentrations by gel filtration suggests a means of studying the concentrationdependent dissociation ofglutamate dehydrogenase.
At a concentration of several milligrams/ml. this enzyme has molecular weight 106, but dilution of the solution induces dissociation into sub-units which form a system in rapid association-dissociation equilibrium. Dissociation is apparently incomplete until solutions are too dilute for molecular-weight estimations by conventional methods. According to Frieden (1963) the question of sub-unit molecular weight is still unresolved, although the best estimates put it in the range 250000-350000. On the basis of gel-filtration experiments with Sephadex G-200, Rogers & Thompson (1963) set an upper limit of 340 000 to the molecular-weight range of the enzyme in the concentration range 0'4-200 ,ug./ml. More recently Bitensky, Yielding & Tomkins (1964) conclude from thiol titrations that the dilution dissociation of the enzyme is complete at a concentration of 30,ug./ml. Fig. 4 shows that enzyme applied to the column at this concentration, and diluted approximately tenfold during passage through the column, was still not completely dissociated. Although complete dissociation was not observed, a sub-unit molecular weight -250000 is clearly indicated. The loss of enzymic activity at the highest dilutions, noted also by Frieden (1963), does not necessarily imply that the sub-units are inactive, but only that they are more unstable when separated from one another than when associated.
